United States Patent [i9] 

Igarashi et al. 



■iniiiiiiiiiHiMiiiii 



US005742803A 
[11] Patent Number: 
[451 Date of Patent: 



5,742,803 
Apn 21, 1998 



[54] METHOD OF PERFORMING A 
COMPILATION PROCESS FOR 
DETERMINING A BRANCH PROBABIUTy 
AND AN APPARATUS FOR PERFORMING 
THE COMPILATION PROCESS 

[75] Inventors: Yutaka Igarashi; Kohldiiro Hotta; 

Masakazu Hayashi; Maoabu 
Matsuyama. all of Kawasaki, Japan 

[73) Assignee: Fujitsu limited. Kawasaki Japan 

[21] AppL No.: 803376 
[22J FUe± Feb. 20, 1997 

Related U^. Application DaU 

[63] Continuation of Scr, No. 396^90. Mar. 1, 1995, abandoned, 
which is a continuation of Set No. 113,907. Aug. 31, 1993. 
abandoned. 

[30] Foreign Application Priority Data 

Mar. 8, 1993 [JP] Japan 5-045609 

[51] Intel/ - GWF9/00 

[52] U.S. CI. - 395/580; 395/586 

[58] Field of Sean* 395/580. 586. 

395/582, 584. 587 

[56] Rrferences Cited 

U.S. PATENT IXXZUMENTS 



4,755,966 7/1988 Leeelal 395/375 

4,860,203 8/1989 Corriganetal 364/300 

5,127,092 6/1992 Gupta et al — 395/375 



5,179,680 1/1993 ColweU el al 364/DIG. 1 

5^02,995 4/1993 0*Briai 395/700 

5,212,794 5/1993 Pettis ct al 395/700 

5,230,050 7/1993 liuuka ei al 395/700 

5,333,280 7/1994 Ishikawa et al 395/375 

5,448,737 9/1995 Burke et al. „ 395/700 

5.450,588 9/1995 Hoxey 395n00 

5,452v457 9/1995 Alpertctal 395/700 

OTHER PUBUCXnONS 

Superscalar Microprocessor design by Mike Johnson. 1991 
Prentice Hall publicatioQ. pp. 181-192, 205-212. 
A VLIW Architecture fot a TYace Scheduling Compiler by 
Colwell ct al., IEEE 1988 publication. 

Primary Examinef^Kiisnsi Lira 
Assistant Examiner— 2jBxm Maung 
Attorney, Agent, or Firm—Su&s & Halsey 

[57] ABSTRACT 

When a flow graph is created for a program including a 
complex if statement, the respective branch conditions in the 
complex if statement are separated and the flow graph 
designating the control flow corresponding to the logical 
value of respective branch conditions are created. Next, to 
perform the branch probability determining/aliocaiing 
process, in the above flow graph, the value corresponding to 
the number of executions of respective paths is calculated so 
that the whole branch probability of the complex if state- 
ment designated by the optimization designating statement 
and the branch probability of respective branch conditions is 
assigned to die path corresponding to respective branch 
conditions. 

13 Claims, 11 Drawing Sheets 



(PROSRAM 201 



*pragmo statement if 40 

if((AnB)aacaa(Di)E)) 

, XX; 
else 

yy; 



• STATEI^NT t 
STaTEMENT 2 
STATEMENT 3 




BRANCH PROeAeiLFTY 

OETEPMtNING/ALUiavnNC 

PROCESS 



05/07/2004, EAST Version: 1.4.1 



U.S. Patent Apr. 21, ms sheet 1 of 11 5,742,803 




Fig. IB 




PRIOR ART 



Fig. 1C 

PRIOR ART 



05/07/2004, EAST Version: 1.4.1 



U.S. Patteimt Apr. 21, 1998 Sheet 2 of 11 S97429§(0)3 

, PROGRAM 201 



^pragma statement if 40 statement i 

if((AIIB)aaC&a(DIIE)) statement 2 

XX; statement 3 

else 



yy; <5- STATEMENT 4 

zz; 




05/07/2004, EAST Version: 1.4.1 



UoSo Patteimtt Apr. 21, 1998 sheet 3 of 11 S,742j8(0)3 



#pragma statement if 40 

if((AiiB)aaca0(DiiE)) 

xx, 

ZZ; 

^PROGRAM 301 




05/07/2004, EAST Version: 1.4.1 



UoSo Pattemlt 

4 0 K 



Apr. 21, 1998 



Sbeet 4 of 11 



J42,§(D)3 



PROCESSING APPARATUS (CPU/MEMORY) 


402- 


INFORMATION COLLECTING PHASE PROCESSING UNIT 










403-- 


CONNECTION MATRIX CREATING PHASE PROCESSING UNIT 










404- 


CONNECTION MATT^IX CALCULATING PHASE PRXESSING UNIT 














. 4 



PROGRAM IS ARRANGED IN UNITS OF A BASIC BLOCK 

CONTROL FLOW INFORMATION (PRECEDING BLOCK AND SUCCEEDING BLOCK) CAN 

BE OBTAINED. 



DISTINGUISHING MARK IS ALLOCATED AT A BLOCK IN WHICH BRAO 
OON'DITION IN COMPLEX IF STATEMENT COMPRISING BRANCH PROBABILITY 
DESIGNATION IS INaUDED 



STEP 501 
J 



STEP 502 



THEN ATTRIBUTE IS ALLOCATED AT THEN BLOCK AND ELSE ATTRIBUTE 
IS PROVIDED AT ELSE BLOa 



STEP 503 
J 



DESIGNATED TRUTH RATIO IS OBTAINED 



^STEP 504 



STRUCTURE INFORMATION TABLE IS PREPARED FOR COMPLEX IF STATEMENT 

<STRUCn)RE INFORMATION TABLE) 

• DESIGNATED TRUTH RATIO 

• POINTERS TO STRUCTURES OF BLOCKS EACH INCLUDING BRANCH CONDITIONS 
AND NTOER OF POINTERS 

• A POINTER TO SreUCTORE OF A THEN BLOCK 

• A POINTER TO SIBUCTURE OF AN ELSE BLOCK 
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BRANCH CONDITION, THEN 
BLOCK AND ELSE BLOCK 

•RESPECTIVE COLUMNS 
CORRESPOND TO n BLOCKS EACH 
INCLUDING BRANCH CONDITION 
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NUMBER OF PATHS INPUT TO TIEN BLOCK EXPRESSED AS then_path cnt 

AND TllE NUMBER OF PAHS INPUT TO ELSE BLOCK EXPRESSED AS eTse_path_cnt 

ARE CALCULATED 



NUMBER OF EXECUTIONS TO BE CALCULATED BY THE FOLLOflflNG EQUATION IS 

ALLOCATED IN ARRAY ELEHEffT MATRIX (n i 1. i) (WHERE i = 1 n) 

IN WHICH IP ATreiBUTE IS SET 

NUMBER OF EXECUTIONS = TRUHI RATIO/then_patli_cnt 



NUMBER OF EXECUTIONS TO BE CALCULATED BY FOLLOWING EQUATION IS 

AI,LOCATED IN ARRAY ELEMENT MATRIX (n I 2, i) CifHERE i = 1 n) 

IN WHICH IP ATTRIBUTE IS SET 

NUMBER OF EXECUTIONS = (100 - TRUTH RATIO)/else_path_cnt 



FOLLOWING STEPS 704-1 TO 704-4 ARE EXECUTED FOR COLUMN IN IfHICH 
IP ATTRIBUTE DOES NOT EXIST AND IS AHRIBUIB EXISTS 

704-1: SUM OF NUMBERS OF RESPECIVE EXECUTIONS sum cnt IS CALCULATED FOR 
ELEMENTS IN fflilCIl NUMBERS OF EXECUTIONS ARE STORED ALONG COLUMN 

704-2: NUMBER OF ELEMENTS WHICH HAVE IS ATTRIBUIE ALONG COLUMN IS 
CALCULATED AS element.cnt 

704-3: VALUE OF ELEMEOTS (NUMBER OF EXECUTIONS) WHICH HAVE IS ATTRIBUTE 
ALONG COLUMN IS QLCULATED BASED ON FOLLOWING EQUATION 

NUMBER OF EXECUTIONS = suin_cnt/elenient_cnt 

704-4: VALUE OF DIAGONAL ELEMENT (WHICH ALWAYS HAS IP AHRIBUTE) OF 
ELEMENT IN WHICH PROCESS OF STEP 704-3 IS EXECUTED IS CALCULATED BASED 
ON FOLLOWING EQUATION 

NUMBER OF EXECUTIONS = suin_cnt/elenient_cnt 



-STEP 701 



-STEP 702 



-STEP 703 



^EP 704 







PROCESS OF STEP 704 IS REPEATED UNTIL ALL CEMENTS HAYING IP AnRIBUTE OR - 
IS ATTRIBUTE DO NOT EXIST 






ON'LY VALUE OF ARRAY ELEMENT IN WHICH IP ATTRIBUTE IS ORIGINALLY ALLOCATED - 
IS LEFT 






BRANCH PROBABILITY IS CALCULATED FOR RESPECTIVE ELEMENTS OF EACH OF 
COLUMNS 
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METHOD OF PERFORMING A 
COMPILATION PROCESS FOR 
DETERMINING A BRANCH PROBABILITY 
AND AN APPARATUS FOR PERFORMING 
THE COMPILATION PROCESS 

This application Is a contijiuatioa. of application Ser. No. 
08/396^90* filed Mar. L 1995. now abandoned, which is a 
continuation of Ser. No. 08/113,907, filed Aug. 31. 1993, 
now abandoned, 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to a naethod of perfonning 
a compilation process to optimize execution speed of a 
progrant by determining the branch probability of a branch 
statement in a program which includes a plurality of branch 
conditions, and further to an apparatus for performing the 
con^ilaiion process. 

2. Description of the Related Ait 

Increasing the speed of a process of a computer system, 
is being sought a compiler for translating a program at a high 
execution efficiency has been demanded Such a function of 
the compila: is called optimization. 

A VIJW (very long instruction word) computer capable 
of executing a plurality of instructions in parallel by merely 
designating a single long instruction word at every instruc- 
tion execution cycle has been recently noted. 

When a program to be executed by the VLIW computer 
Js compiled, a plurality of instructions able to l>e executed in 
paralleh because they do not share an arithmetic operating 
unit or data path and do not require any results of operations 
performed by the other instructions, may be designated by a 
single long instruction word. As a result, optimization is 
achieved. By performing such optimizatioii, the rate of 
executing respective instructions of a program to be per- 
formed in parallel can be inaeased and the execution time 
of a program can be shortened. 

The above technical background requires technology for 
performing the compilation* and detecting, from a program 
to be processed a plurality of instructions, able to be 
executed in parallel, because they do not share an arittmietic 
operating unit or a data path and do not require any results 
of operations by the other instructions. 

Generally speaking, when a branch instruction exists in 
the program which is coiiq)iled, an instruction succeeding 
the branch instruction is not always executed depending on 
the branch condition. Therefore, it is desired quite often to 
detect a plurality <rf instructions executable in parallel with 
a group of instructions, allocated between two branch 
instructions called a basic block. However, an optimization 
performed for respective basic blocks, merely enables, at 
maximum, two instructions to be executed as a result of a 
statistical average. 

Effective methods for solving such a bottleneck have been 
proposed, (see, e.g., a method described as trace scheduling 
by J. R. Ellis, Bulldog: A Compiler for VLIW Architecture. 
the MTT Press, 1986). 

According to the trace scheduling method, a train of 
instructions (called trace), which have many execution 
times, is detected in a program the instructions in the trace 
are sorted and parallelized to enable the trace to be executed 
with high efficiency. In this case, when a loop instruction 
appears the number of repetitions of the loop is determined, 
similarly, when a branch instruction appears, the p-obability 
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of each branch is obtained. Based on the numba of repeti- 
tions in the loop and the branch probability, a path with a 
large nunober of executions is selected and a particular trace 
is selected. Thus, a plurality of instmctions can be executed 
5 in parallel by using units of the trace which overrides a 
plurality of basic blocks and has a larger number of execu- 
tions. Consequently, the ratio of instructions executable in 
parallel can be increased and the execution speed of the 
program can be improved, 
to Therefore, it is very in^rtant to obtain the number of 
repetitions of a loop instruction and a branch probability of 
the branch instruction. 

Additionally, it is useful to obtain the (wrobability of the 
branch instruction. 

Namely, for exan4)le, the branch probability of each 
branch instruction is necessary to detect a path with a high 
execution frequency when an c^)timization is performed, to 
enable the resources, such as a register, to be assigned with 
a high priority to a path having a higher execution frequency 
when performing ttte compilation. 

When a branch instruction, occurs the execution cost 
becomes higher than if it were not chosen. The execution 
time Ijecomes longer, as coii^>ared to the case of non- 
25 occurrence of the branch, because an instruction cycle for 
setting a branch target address in a program counter is added 
when a branch occurs. 

Therefore, if the ja-obability of the occurrence of the 
branch at the branch instruction greatiy exceeds 50 percent, 
30 the logic of the branch condition is reversed and the instruc- 
tion train to be executed, in the case of the occurrence of the 
branch. Is replaced by the instruction train to be executed 
when die branch does not occur to shorten the execution 
time statistically. When the necessity of the above 
35 replacement, is to be determined the branch probability of 
the branch instruction may also be required. 

Further, in order to shorten the time required for the 
compilation to perform an c^)timization. the level of opti- 
mization may be lowered for a path having a low frequency 
^ of execution. In such a case, a branch iw>bability of the 
branch instruction may be required to determine the execu- 
tion frequency of respective paths. For conventional opti- 
mization in a conqjilation process, the number of repetitions 
of the loop instructions is frequently shown in a source 
45 program and can be obtained with relative ease. 

In contrast, the branch probability of the branch instruc- 
tion can be determined for each respective branch instruc- 
tions by the branch instruction being designated in the 
source program by a programmer or by using an automatic 
^ profile function resident in the con^)uter system. The auto- 
matic profile function can measure the execution ratio of an 
instruction by compiling ttie program without performing 
the optimization. 

When the branch instruction includes only a te^ch 
condition, the execution frequency of a path corresponding 
to the branch instruction can be determined immediately 
after the In-anch probability is determined. 

In contrast the prior art of a conciliation process accom- 
50 panied by an optimization when the branch instruction 
includes a plurality of branch conditions will be explained 
by the foUowing FIGS. lA tiirough IC. 

The program 101 shown in FIG. lA is written in a C 
language. When one of the branch conditicDS A. B C is 
65 true, a basic block xx in a THEN clause is executed (the 
word *THEN'* is implicit), and if one of the branch condi- 
tions is not true, a basic block yy in an ELSE clause is 
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executed and the basic block zz is executed after the 
completion of either of these clauses. A method of perforai- 
ing a compilation process in the following two cases (FIGS. 
IB and IC) has been known with regard to an IF statement, 
(which is called a complex IF statement) including a plu- 
rality of branch conditions in a statement representing one 
branch, as shown In this example. 

As shown in FIG. IB. in a first oon^ilation process, the 
plurality of branch conditions A, B and C. are calculated as 
a group. This first compilation process is advantageous in 
that (he branch probability of a complex IF statement can be 
detenniDed with ease since the branch decision is performed 
at a single place. A document carresponding to this prior art, 
is known as **A Method of Selecting Instructions Provided 
with Condidons upon Executing the Instructions^ disclosed 
in Japanese Patent Publication Tokkohei 1-42019. 

However, in the prior art shown in FIG. IB, the branch 
IH'obabilities cannot be obtained for the respective branch 
conditions A. B and C. In the case of a basic block in which 
respective branch conditions A, B and C coti^nisc a plurality 
of instnictions, the first compilation process cannot adiieve 
a precise optimization by selecting an optimum path from 
paths of the branches depending on respective brandi con- 
ditions. 

As shown in FIG. IC, in the second conqiiiation process, 
a decision involving a plurality of branch conditions is 
resolved into respective branch paths. Also, in the second 
compilation process, branch decisions are not performed at 
one place but arc performed for respective branch condi- 
tions. Therefore, for exan^le. when the branch condition A 
is true, the basic block xx in the THEN clause is immediately 
executed and the determinatioD of the other branch condi- 
tions is not executed. Consequently, with regard to the same 
source program, an execution time of an executable program 
generated based on the compilation process shown in FIG. 
IC is statisdcaliy shorter than that of the executable program 
generated based on the compilation process shown in FIG. 
IB. 

In the operations generated based on the con:q)Llation 
pffocess shown in FIG. IC. a branch decision is performed 
for individual branch conditions an a complex IF statement 
Thus it is possible to perform a precise optimization by 
selecting an optimum pa^ among the paths which are 
branched under the individual t>ranch conditions. 

Accordingly, it is important to know how to detennioe 
respective branch probabilities of the individual branch 
conditions based on the branch prot>ability allocated for the 
whole complex if statement However, the method of 
enabling determination of such branch probabilities is not 
known. 

SUMMARY OF THE INVENTION 

An object of the present invention residing in the above 
described background, is to enable the branch i^obabilities 
of die respective branch conditions to be allocated based on 
the brandi probability allocated for the whole complex IF 
statement and to predict the frequency of the execution with 
high precision so that an executable program with high 
cCBcicncy is created. 

The present invention creates a flow graph, for the branch 
statement representing one branch including a plurality of 
branch conditions. This flow graph comprises nodes, repre- 
senting basic blocks, including the respective branch con- 
ditions in the branch statement TTie flow graph further 
comprises a node representing a basic block to be executed 
where the conditional decision results in the branch state- 
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ment being true and a node representing a basic block to be 
executed where die conditional decision results in the branch 
statement being false. This flow gr^h can be created as 
block connection relation data (corresponding to the con- 
5 nection matrix table) having the connection relation between 
respective basic blocks as the elements. 

The branch probability of the path between respective 
nodes can be calculated as the branch probability of the 
branch condition included with the basic block correspond- 
10 Ing to the node from whidi the path is outputted, based on 
the number of paths between respective nodes, to satisfy the 
branch probat^ty information designated for the whole 
branch statement 

According to the construction of the above present 
invention, it is possible to decrease the optimization level of 
the path to which the branch condition specifies branching 
to, when the path is determined to have a low execution 
frequency based on the branch probability. 

According to the construction of the present invention, it 
is possible to allocate the branch jnobability information for 
each respective branch conditioDs in one branch statement, 
and to predict a fi'equency of the execution each respective 
instructions in the program with high precision when per- 
forming the compilation operation. The present invention 
may be applied to performing scheduling based on the 
frequency of execution of the respective instructions, such as 
the trace scheduling method This thereby enables the com- 
pilation process, for translating the program, to be per- 
^ formed and the program to be operated with high efficiency. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The other objects and features of the present invention can 
be easily understood by persons skilled in the art based on 
the description relating to the preferred embodiments (rf the 
present invention together with the attached drawings. 

FIG. lA shows an explanatory view of the prior art; 

FIG, IB shows an explanatory view of the prior art; 

FIG. IC shows an explanatory view of (he prior ait; 
40 FIG. 2 shows an explanatory view of princ^le of the 
present invention; 

FIG. 3A shows an explanatory view of a second jxinciple 
of the present invention; 

FIG. 3B shows a second explanatory view of a second 
*5 principle of the p-esent invention; 

FIG. 3C shows a third explanatory view of a second 
principle of the present invention; 

FIG. 4 shows a structural view of the preferred embodi- 
ment of the present invention; 
^ FIG. 5 shows an operational flowchart in the information 
collecting phase in the preferred embodiment of the present 
invention; 

FIG. 6A shows one part of an operational flowchart in a 
connection matrix aeating phase of the preferred embodi- 
ment of the present invention; 

FIG. 6B shows the further part of the operation flowchart 
in a connection matrix creating phase of the preferred 
embodiment of the (a-escnt invention; 

FIG. 7 shows an operational flowchart in the connection 
matrix calculating i^asc of the preferred embodiment of the 
present invention; 

FIG. 8A shows an explanatory view of the data structure 
of the basic block; 
65 FIG. 8B shows an explanatory view of a dummy block; 

FIG. 9A shows one view of the example of Uie connection 
matrix; 
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FIG. 9h shows a second view of the example of the aUocated as 40 and the number of executions at node yy is 

connection matrix; aUocated as 60, 

FIG. 9C shows a third view of the example of the Process 4: The respective numbers of paths input to 

connection matrix; respective nodes xx and yy are searched. In the example of 

no. 9D shows a fourth view of the example of the ^ ™^2, two paths are input to node xx and three paths to 

connection matrix; and P^c^ss 5: m numbers of executions at the respective 

FIG. 10 shows an explanatory view of an opaation of ^^^^ xx and yy are divided by the respective numbers of 

another embodiment of the js-esent mvenUon. ^^^^ inputted to respective nodes. The respective results of 

DESCRIPTION OF THE PREFERRED lO the divisions are determined as the respective numbers of 

EMBODIMENT executions of respective padis input to the node. In die 

Explanation of the Principle example of nodes xx and yy, the following aUocaUon is 

The principle of the present invention will be explained. performed. 

In FIG. 2. program 201 is an cxan^lc of a program The number of executions for the paths from node D to 

subject to a con^ilation process. In program 201. statement 15 node xx is allocated as 40/25=20 (40 total executions at xx/2 

I designates an optimization designating statement state- paths Inputting to xx). 

ment 2 shows a complex IF statement, and xx in statement Similarly the number of executions for the paths from 

3 represents a train of instruction statements which should node E to node xx is allocated as 40/2=20. 

be executed when the branch condition of the complex IF The number of executions for the padis from node B to 

statement is tnie known as a THEN clause. (The wcyd then 20 node yy is allocated as 60/3=20 (60 total executions at yy/3 

THEN is implicit in the con^>lex IF sUtem^it.) yy in paths inputting to yy). 

statement 4 represents a train of instruction statements Similarly, number of executions for the paths from node 

which should be executed when the branch condition of die C to node yy is allocated as 600=20. 

con^lex IF statement is false, knows as an ELSE clause. Similarly again, the number of executions for the paths 

The branch conditions A, B, C, D and E, xx in the THEN 25 from node E to node yy is aUocated as 60/3=20. 

clause and yy in the ELSE clause respectively comprise a Process 6: For each intermediate node at which the 

continuous train of instructions which are stopped or numbers of the executions of all the paths output from 

branched therefore, this is called a basic block. intermediate node to other intermediate nodes is allocated. 

In the program 201, the optimization designating state- the sum of the numbers of the executions of all the outgoing 

mentof statement 1 designates that the branch probability of 30 paths is detcnnincd as the number of executions at the 

the complex IF statement designated by statement 2, intermediate node. In the example shown above, the number 

specifically, the truth probability in which the THEN clause of the executions for the paths from node E to node xx is 20, 

designated by sutement 3 (or xx) is executed, is 40 percent the number of (he executions for the path from node E to 

In flow graph creating process 202, designated by the node yy is 20, and the number of paths output from node E 

following processes 1 and 2. with regard to program 201, a 35 is only 2. Accordingly, the number of executions at node E 

plurality of branch conditions A, B, C, D and E, in the is 20f 20=40 (times). Then, the nunaber of executions at the 

complex IF statement designated by the statement 2. are not intermediate node, here node E. is divided by the number of 

treated as a group. Instead individual branch conditions are paths input to Ae intermediate node, here node E, result of 

separated, thereby creating a flow gra^ih 2C4a which dcsig- the division is determined to be the number of executions of 

nates a control flow conesponding to the logical value of the 40 each respective paths input to die intermediate node, 

respective branch condition. Process 7: The above process 6 is repeated for each 

Process 1: The complex IF statement designated by state- intermediate node and thus the numbers of executions along 

ment 2 is resolved into individual branch conditions. The all the padis arc calculated. As a result, the flow graph 2<Wi^ 

THEN clause, ELSE clause and individual branch condi- shown in FIG. 2 is obtained. 

tions are allocated with respective marks. 45 Process 8: The numbers of executions along the respec- 

Proccss 2: Flow g^aph 204a is created for the branch tive paths are respectively divided by the numtter of execu- 

conditions each allocated with the marks. tions at the node from which respective paths are outputted. 

The flow graph 2^Mo created by the above recited pro- thaeby calculating the branch probabilities of respective 

cesses 1 and 2 is con^rised of intermediate nodes A, B, C, paths. For example, the branch probability from the node A 

D and E, respectively corresponding to branch conditions A, 50 to node C is 40/100 =0.4 and the branch probability from the 

B, C, D and E; a final node xx, corresponding to the THEN node B to node C is 40/60=0.66. 

clause xx; a final node yy corresponding to the ELSE clause By performing the above explained flow^ph creating 

yy; and paths connected between the respective nodes. process 202 and branch probability determining/allocating 

In the branch probability dctcrmimng/allocating process jM-ocess 233, the ttspetitivt branch probabilides can be 

203, designated by the following processes 3 to 8, the values 55 determined for respective branch conditions in a complex IF 

corresponding to the numbers of executions by respective statement, thereby enabling precise optimization scheduling 

paths are calculated. Consequently the whole branch prob- to be performed in a con^Uation process, 

ability (true ratio equals 40 percent) of the con^lcx IF For example, performing a precise optimization based on 

statement of statement 2 designated by the optimization the trace scheduling mettiod, by selecting an optimum path 
designating statement of statement 1 is satisfied by the flow 60 with a high branch probability, from among paths branched 

graph 24Ma. Branch probabilities of respective branch con- under the individual branch conditions in the complex IF 
ditions are tiien assigned to the nodes coacsponding to the statement becomes possible. 

respective branch conditions. Additionally, performing an optimization to allow 
Process 3: The number of executions is allocated for final resources, such as a register to be assigned with a high 
nodes xx and yy based on the designation by the optiniiza- 65 priority to the path with the higher branch probability from 
tion designating statement of statement 1. In the example among all the paths branched under a respective branch 
shown in FIG. 2, the number of executions at node xx is conditions in the complex IF statement becomes possible. 
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When the branch probability of a path of a branch A coonection matrix calculatiDg phase processing unit 
occurring under respective brand) conditions in the complex 404 executes a phase for calculating branch probabilities 
IF statement exceeds 50 percent significantly, the logic of (truth ratio) using a connection matrix, 
the branch condition may be reversed and the instruction The above processing unit can be realized as a function of 
train to be executed, when the branch occurs is replaced by 5 part of a con^iler for executing the compilation process, 
an instruction train to be executed when the the branch does The detail of the phase to be executed by the respective 
not occur, thereby shortening execution time statistically. processing units is now explained according to the opera- 
Time required for a compilation of the program is short- tional flowchart shown in FIGS. S to 7. FIG. 8A shows an 
ened by decreasing the optimization level of the path, explanatory view of the data structure of the t>asic block; 
determined to have a low execution frequency based on the FIG. 8B shows an explanatory view of the dummy block; 
branch probability allocated as described above. and FIGS. 9A. 9B, 9C and 9D show a view of an example 
Conventionally, the optimization level is changed during a of the connection matrix. 

compilation process with regard to a specific program but Information collecting j^ase processing unit 402 executes 

the optimization level of the specific patti in a single the process of steps 5^>1 to 505 designated by an operational 

program is not changed based on die frequency of the flowchart shown in HG. 5. 

exeaitions In order to perform the optiinization. analysis »5 ^^^^ converted to an intermediate code 

the flow of control of the program and the flow of the dato ^ ^ ^ semantics analysis in a compUation 

IS necessary. The higher the level of opdmization plamied. ^ ^^^^^ ^ ^^.^ ^^^^ J^^^^ 

the more precise an analysis is required, resulting m a longer , « j iT 1 l • ^ -.l j . 

time icquired far the coiiipiUtion process. However, the pith S"^'' ''^'It « l^"*""^) "^""^ itspecdve 

with a low frequency of execuUon is not execuTed 20 A*^^ infomiation conc«Tmng a preceding 

frequenUy. as a result even if the optimization level is low ^ '^^ "^T^lf succeeding block of the rcspertivc 

for such a path, this does not contribute to an inaease in the *^JS ^ , obtainea, 

total execution time of the program. In some cases shorten- ™- ^/^ shows Ac date stmaure of a block (basic block), 

iog the compilation time of the program is more beneficial T^* ^^'^^^"^ <Jata f Uuct-Te compnsmg apointer to a list 

than shortening the execuUon time of the program. 23 designatuig a parent blocfc a pointer to a hst designating a 

Accordingly, the time required for the optimization process. "f^^" P°»?'" designating an instruction at the head 

which may be thne-consuming. may be shortened by of the Uocfc apointer toignatmg an instruction at the ra^ 

decreasing the optimization level of the path along with a «V "^i^"** «ea. Control flow mfwroation 

low number of executions based on the aUocated branch relatmg to the preceding block and the succeeding block of 

nobability 30 particular block obtamed in step 501 is allocated respec- 

FIGS. 3A. 3B and 3C show explanatory view of anotha ^"^^7 » P«nto ^ a "st '^"1^^^^" ^^"^^ 

principle of the present invention. « f^*^^" *° " d«"«»"»«ig *e child block in the structure 

The above explanation is appUed to the case where the <''*^°8 P^?^|f is shown in HG. 8A. 

ELSE clause exists in the complex IF, respectively state- ^ f ^ 111 HG. S. a disUnguishmg mark is allocated 

ment As shown in a program 3M in HG. 3A, the same 33 «' » block In which the branch condition in the complex IF 

explanation made above may be appUed where the ELSE f compnsmg the branch probability designation « 

clause does not exist In this case, the probability at which distmguishmg mark distinguishes the cora- 

thenodezzisexecutcdisactuaUylOOpcrcentHowevcrthe P«JP statement mcluding the branch condjtton of the 

branch probability is calculated under the assumption that disV»8^*f"8 mark is allocated and 

node zz is executed at a probabiUty of 60 pticent when the 40 "^""y ''^S?^*'™?"^ .f"^- . u, . 

branch probability is calcuhited based on the principle ^ ^^'jJ^^ attribute is aUocated at a b ock 

recited above. As a result as shown in a flow graph 302 in «pr«entmg a THENcUuse (whiA is caUed a THEN b ock 

HG. 3B. the numbers of executions travelling through heremafter) and an H^E attribute is aUocated to a W«:k 

respective paths are calculated and the branch probabiUUes "^T^^^ ^"""^ "'^''^ ^LSE 

of respective braach conditions are calculated. 45 block nereinancr). „ ™ 

In the example of the program 201 shown in FIG. 2. the A distmguishmg mark, a THEN atbibutc an EI^E 

branch conditions D and E are deleted and the control flow fttributefw a particukr WockaUoaitedm steps 502 and503 

is changed when branch condiUon D is always true in the « allocated to an attribute area rfttie structure which defines 

compilation process subject to the optimization. In this case the particular block shown in HG. 8A. 

shown in FIG. 3B. the control flow is examined immediately so , aUocating «he attnbute area in the stnictuic of 

before the calculation of the branch probabilities. Tlie the *> <'«>L?« ^o"" ^G. 8A. a branch condition of a 

branch probabiUties of respective branch conditions can be statement and a dummy mstrucuon representmg 

aUocated correcUy as shown in flow graph 303 in HG. 3C. "^HEN dausc or an ELSE dause (which is rqa;esented as 

ExpUnation of Preferred Embodiments dummy-true or dummy-false m FIG. SB) may be inserted as 

The preferred embodiments of flie present invention based 55 2^.*°*° f^^P' ^ . ^ 

on the above described operational principle is now ^ " T° P^babihty of the 

exDlained. complex IF statement designated by the optumzabon des- 

FIG. 4 shows a structure diagram of a preferred embodi- ignating statement (statement 1 in FIG. 2. for example) is 

ment of the present invention. obtainea. 

A processing apparatus 401. aUocated with a CPU and 60 step 505 a structure mformaUon table is prepared for 

memory, executes a compilation process. statement The stnjcture mforraation table 

An information coUecting phase processing unit 402 includes toe foUowing mformaUon; 

executes a phase for collecting compilation information to Designated truth ratio 

create a flow graph. Pointers to structures of blocks including branch condi- 

A connection matrix creating phase processing unit 403 65 and the number of pointers 

executes a phase for creating a connection matrix represent- A pointer to the structure of a THEN block 

ing a flow graph. A pointer to the structure of an ELSE block 
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The above described process in the infonnation collecting 
phase processing unit 402 corresponds to process h 
whereby the process is executed as part of the flow graph 
creating process 202 explained as the pinciple of the present 
invention by referring to FIG. 2. 

Sequentially, the connection matrix creating phase pro- 
cessing unit 403 executes the processes shown in the opera- 
tional flowcharts in FIGS. 6A and 6B. 

As shown in step 601 in FIG. 6A, the infOTmation 
coliectiDg phase processing unit 402 refers to the structure 
infonnation table prepared in step 505 of FIG. 5. Step 602 
creates a connectioo matrix having rows correspondiog to n 
blocks, each including a teanch condition, a THEN block 
and an ELSE block, and having columns corresponding to 
the 0 blocks, each including a branch condition with regard 
to each complex IF sutemcnt. For cxari^le, the connection 
matrix created from program 201 shown in FIG. 2 is 
reflected in FIG. 9A. 

A block corresponding to a row in the connectioD matrix 
is called a row block and the block corresponding to a 
colunm is called a column block, and the portion where the 
row and the column intersect is called an element. 

When the connection matrix is created in the step 602, as 
an initial state of the connection matrix, the respective 
elements of the connection matrix have been allocated with 
an IP attribute. IS attribute, or DISCONNECT attribute. The 
IP attribute designates that the column block conesponding 
to the element precedes the row block in the control flow the 
IS attribute designates that the column block corresponding 
to the element succeeds the row block in the control flow, 
and the DISCONNECT attribute designates that the column 
block corresponding to the element is not related to the row 
block corresponding to the element in the control flow. The 
DISCONNECT attribute is rqjresented by markX in FIGS. 
9A to 9B. 

A further detailed operational flowchart of the connection 
matrix creating process shown In step 602 is represented in 
FIG. 6B. 

In st^ 603. the number n of blocks in whicii the branch 
condition is included is obtained. 

In step 604. the array MATRIX (n+2, n), where die 
nunibcr of the row clement is iH-2 and the number of die 
column clement is n, is generated. This array MATRIX 
represents a connection matrix. 

In step 60S, an attribute of all the elements of the array 
MATRIX is aUocated as the DISCONNECT attribute at the 
initial state of preparing the array MATRIX. 

Accordingly, the value of index i is incremented from 1 to 
n+2 by 1, in steps 606, 612 and 613 and the value of index 
j is incremented from 1 to n by 1 with regard to the value of 
indexes i in steps 6©7, 610 and 611, thereby rq>ealing the 
execution of the following steps 608 and 609. 

In step 608, it is determined whether the (ffeccding block 
of i-th block is the j-th block. If the determination is YES, 
in step 609, the IP attribute is allocated at the array element 
MATRIX (i, j) and the IS attribute is allocated at the anay 
element MATRIX i). 

When the processes fOT all the anay elements arc 
completed, the connection matrix creating phase processing 
unit 403 has completed its <^ration. As a result an array 
MATRIX (n+2, n) corresponding to the connection matrix 
shown in FIG. 9A is obtained. 

The process performed by the connection matrix creating 
phase processing unit 403 corresponds to the process 2, 
executing as part of the flow graph creating process 202 in 
the explanation of die principle of the {^esent invention by 
referring to FIG. 2. 



2,803 

10 

Accordingly, the connection matrix calculating phase 
processing unit 404 executes the process, designated by the 
operational flowchart shown in FIG. 7. 

In step 701, respective numbers of padis inputted to the 

5 THEN block and the ELSE block are detected by referring 
to the structure information table and the stnicturc of the 
block designated by the structure information table. The 
number of paths inputted to the THEN block is expressed as 
thcn_path_cnt and the number of paths inputted to the else 

10 block is expressed as else_path_cnt. This process corre- 
sponds to the process 4 which is executed as part of the 
branch jrobability determining/allocating process 203 in the 
explanation of die principle based on FIG. 2. 

Next, in step 702, the number of executions to be calcu- 

iS lated by the following equation is allocated in the array 

element MATRIX (n+L i) (i=l n) where die IP attribute 

is set 

The number of ezecutk)n5=tfae truth 

^ is set in the structure information table and is designated for 
the entire complex IF statement wliich is the subject of the 
process, in accordance with an optimization designating 
statement 

Sequentially, in step 703, the number of executions to be 
^ calculated by the following equation is allocated in the array 

element MATRIX (n+2. i) (i=l n) in whidi the IP 

attribute is set. 

Tbe number of execution5=<100Hbc mith ralk>yelse_path-_cnt. 

30 

The above-described stq)s 702 and 703 correspond to 
process 5 which can be executed as a part of the branch 
probability determining/allocating process 203 in the expla- 
nation of the principle based on FIG. 2. As a result the anay 
35 MATRIX (D+2, n) corresponding to the connection matrix 
shown in FIG. can be obtained. 

Sequentially, in step 704, the following steps 704-1 to 
704-4 are executed for the column in which the IP attribute 
does not exist and the IS attribute exists, namely, for a block 
40 in which the number of executions of all the paths outputted 
from the block to the other succeeding blocks is allocated. 

In step 704-1, the sum of the numbers of respective 
executions sum^cnt is calculated for elements in which die 
numbers of the executions are stored, along the column. For 
45 example, with regard to the column E shown in FIG. 9B, ttic 
sunL_cnt=2Of2()=40. 

In step 704-2, the number of elements which have the IS 
attribute along the column is calculated as element_cnt For 
example, with regard to the column E shown in FIG. 9B. the 
5Q eleincnt_cnt=l. 

In step 704-3, the value of element (the number of 
executions) which have the IS attribute along the column is 
calculated based on the following equation and is allocated 
for the element 

The number of exocutioiis=sum_cnt^ctemcnL_cnl. 

For example, in FIG. 9B, the number of executions 40 is 
allocated for tiie element (D£). 

In step 704-4. the number of executions calculated in step 
60 704-3 arc allocated for a diagonal element of the element in 
which the process of step 7C4-3 is executed. For example, in 
FIG. 9B, the number of executions 40 which is equal to the 
number of executions allocated for the clement (D. E) is 
aUocated for die diagonal element (E, D) of the dement (D, 
65 E), The diagonal element always has the IP attribute. 

The process of the above described step 704 corresponds 
to the process 6 which is executed as a part of the branch 
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probability deteimining/allocating po-ocess 203 in die expla- 
nation of the principle by refemng to FIG. 2. 

In step 705. the process of the step 7W is rq>eated until 
all the elements having the IP attribute or IS attribute do not 
exist. As a result, the anay MATRIX (n+2,n) corresponding 5 
to the connection matrix shown in FIG. S^C is obtained. This 
process corre^nds to the process 7 which is executed as a 
part of the l»"anch probability determining/allocating process 
203 in the explanation of the principle by referring to FIG. 
2. 10 

In step 70^, only the value of the array element in which 
the IP attribute is <aigiiially allocated is left and the value of 
the array element at which the IS attribute is originally 
allocated is ddcted. As a result, array MATRIX (n+2, n> 
corresponding to the connection nuurix shown in FIG. 15 
is obtained. The connection matrix corresponds to the flow 
graph 204^ shown in FIG. 2. 

Finally, in step 707, the value obtained by dividing 
respective values of the elements by the sum of the values 
of the elements along the coluimi is allocated for the 20 
respective elements of each of the columns. The value of 
each element shows the branch probability of the path from 
the block corresponding to the column in whidi the element 
is included to the t>loclc corre^nding to the row in which 
the element is included. This process corresponds to the 23 
process 8 which is executed as part of the branch probability 
determining/allocating process 203 in the explanation of the 
[ffindple of the present invention by referring to FIG. 2. 

The above described connection matrix calculation phase 
processing unit 404 enables the branch probabilities to be 30 
determined for the respective branch conditions in the 
complex IF statement including a plurality of branch con- 
ditions and also enables the precise optimization scheduling 
in the compilatioo process to be peifcsmed. 
An Explanation of Other Embodiment 33 

In the above embodiment, as shown in the program 201 
of FIG. 2 for example, the values corresponding to the 
numbers of executions of respective paths are calculated and 
the branch probabilities of the respwrtivc branch conditions 
are assigned to the nodes corresponding to the respective 40 
branch conditions so that the whole branch probability (truth 
ratio=40 percent) of the complex IF statement of the state- 
ment 2 designated by the optimization designating statement 
of the statement 1 is satisfied. 

In contrast, in FIG. 10. the example of the program is 4s 
shown where the respective truth ratios arc determined for 
the respective branch conditions of the coiiq)lex IF state- 
ment 

In this case, after the con4)lex IF statement is resolved 
into respective branches and marks are allocated to the 30 
respective branches, the respective truth ratios designated 
arc allocated for respective branches. 

In the program lOOU shown in FIG. 10, 0.4 is allocated as 
the truth ratio of the branch condition A, 0.2 as die truth ratio 
of the branch condition B, 0.9 as the truth ratio of the branch 55 
condition C, 0.8 as the truth ratio of the brand) condition D 
and 0.4 as the truth ratio of the branch condition E. 

What is claimed is: 

1. A compilation processing method for performing a 
translation process for a program including at least one 60 
branch statement, using initial branch probability informa- 
tion for the at least one branch statement, the at least one 
branch statement having a plurality of branch conditions, 
said compilation processing method comprising the steps of: 
providing nodes, with regard to a branch statement, each 65 
node being one of a branch node representative of a 
corresponding branch condition in the branch 
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statement, a first basic block rqjrcscntativc of code to 
be executed when a decision of (he branch statement is 
true, and a second basic block Fcprcscntative of code to 
be executed when the decision of the branch statement 
is false; 

creating a flow graph by determining a path from each 
node to each coirespondlng node, eadi path being input 
to one of the nodes and output from another one of the 
nodes; and 

determining final branch probability information for each 
patii from each branch condition in the branch state- 
ment based on the flow graph, each path having cor- 
responding branch prohabiUty information, said corre- 
sponding branch probability liiformation indicative of a 
frequency that a specified path is executed such that the 
branch probatnlity information for the plurality of 
branch conditions in the branch statement initially 
corresponds to the initial branch probability informa- 
tion for the branch statement. 

2. The coiDpHation processing metiiod according to claim 
1, further comprising: 

decreasing an optimization level of the path correspond- 
ing to a selected branch condition of the plurality of 
branch conditions, said selected branch condition being 
estimated as having a low execution frequency based 
on the determined branch probability infonnation 
determined for said corresponding path. 

3. A con^)ilation processing method for performing a 
translation process for a program including at least one 
branch statement, using initial branch probability informa- 
tion for the at least one branch statement, the at least one 
branch statement having branch conditions, said compilation 
processing method comprising the stq)s of: 

providing nodes, with r^ard to a branch statement, each 
node being one of a brandi node rq>resentative of a 
corresponding branch condition in the branch 
statement, a first basic block representative of code to 
be executed when a decision of the branch statement is 
true, and a second basic block representative of code to 
be executed when the decision of the branch statement 
is false; 

creating a flow graph by determining paths from each 
node to each corresponding node, each path being input 
to one of the nodes and output from another one of the 
nodes; and 

calculating final branch probabilities for the nodes, tiie 
final branch probability being calculated for each node 
based on a number of paths incident to the node in the 
flow graph, the initial branch probability of each path 
incident to a selected and corresponding node, each 
node having a corresponding branch probability for the 
selected and corresponding node, such that the branch 
probabilities of the incident paths of the nodes of said 
t^nch statement correlate to designated branch prob- 
ability information for die branch statement 

4. The compilation processing method according to claim 
3, further con^sing: 

decreasing an optimization level of a path corresponding 
to a selected branch condition of the branch conditions, 
said selected branch condition being estimated as hav- 
ing a low execution frequency t>ased on the calculated 
brandi probability information. 

5. A compilation processing method for performing a 
translation process for a program including at least one 
branch statement, using initial ts'anch probability informa- 
tion for the at least one branch statement, the at least one 



05/07/2004, EAST Version: 1.4.1 



5,742,803 

13 

branch statement having branch conditions, said compilation 

processing method con^>rising the stq>s of: 
providing nodes, with regard to a branch statement, each 
node being one of a branch node re^Tresentative of a 
correspondiog branch condition in the branch 5 
statement, a truth condition bioclc representative of 
code to be executed when a decision of the branch 
statement is true, and a false condition block represen- 
tative of code to be executed when the decision of the 
branch statement is false; 10 
creating a flow graph by detenniniDg a path from each 
node to each coircsponding node, each padi being input 
to one of the nodes and output from another one of the 
nodes; and 

allocating respective values coircsponding to numbers of 
executions for the node corresponding to said truth 
condition block and for the node cooresponding to said 
false condition block, respectively, each of the respec- 
tive values calculated by a ratio based on the initial 
branch probability information designated for the ^ 
branch statement; 

dividing, for each respective node, tiic value correspond- 
ing to the number of executions allocated for the 
respective node by the respective number of paths input 
to tiie respective node and producing a result; ^ 

allocating the results of the respective division as the 
respective values comsponding to the numbers of 
executions of the respective paths input to the respec- 
tive nodes, for the node which is the truth condition ^ 
block and the node which is the false condition block; 

determining a sum of the values corresponding to the 
numbers of executions for all of the paths incident to 
the respective node and allocating the sum as a cotre- 
sponding value for the number of executions of the 
respective node; 

dividing the respective values corresponding to the num- 
bers of executions allocated for the respective node by 
the number of paths input to the respective node, and 
allocating a result of die division as the respective ^ 
values corresponding to the numbers of executions of 
respective paShs input to the node, for each of the nodes 
of the tiranch statement; and 

calculating a final branch probability of each respective 
paths of the flow graph as die final branch probability 45 
of the branch condition corresponding to the node from 
whidi the pafli is output, by dividing the respective 
values corresponding to the number of executions 
allocated for the respective paths by the corresponding 
value for the number of executions allocated for the so 
respective node from which each respective path is 
output 

6. The compilation processing method according to claim 
5, further comprising: 

decreasing an optimization level of the path ccnrcspond- 55 
ing to a selected brand) condition of the branch con- 
ditions estimated as having a low execution frequency 
based on the determined branch probability informa- 
tion for said corresponding path. 

7. A compilation processing apparatus for performing a 60 
translation process far a program including at least one 
branch statement, using initial branch probability informa- 
tion for the at least one branch statement, the at least one 
branch statement defining conditional decisions, said com- 
pilation processing ^paratus comprising: 6S 

information collecting phase processing means for 
extracting nodes, each node being one of a branch node 
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rqresenting respective branch conditions in a branch 
statement, a first basic block executed when a corre- 
sponding conditional decision in the brand) statement 
is tnie and a second basic block executed when the 
coiresponding conditional decision in the branch state- 
ment is false, each node executed in a determined order, 
for dctcrmiaing a path from each branch node to each 
coiresponding node, and for collecting information 
concerning a preceding node and a succeeding node; 
block connection relation data forming means for 
formings based on the information collected by said 
information collecting phase ]Ht)cessing means, block 
connection relation data having a plurality of elements, 
each element indicative of a ccarespondlng connection 
relation between respective nodes; and 
block connection relation data calculating means for 
calculating, based on the block connection relation 
data, a final branch probability for each of the paths 
corresponding to the respective elements, as final 
branch probabilities of the branch conditions included 
by a corre^nding branch node from which die respec- 
tive paths arc output such that the final t^anch prob- 
abilities correspond to designated branch fu-obability 
information for the branch statement 

8. A compilation processing ai^>aratus for performing a 
translation process for a program upon execution of the 
program, using initial branch probability information for at 
least one branch statement defining conditional decisions in 
the progranL said compilation processing apparatus com- 
prising: 

information collecting phase processing means for 
extracting program code blocks, each program code 
block being one of a branch block including xtspcctivc 
branch conditions in a branch statement a first basic 
block executed when a corresponding conditional deci- 
sion in the brand) statement is true and a second basic 
block executed when the corresponding conditional 
decision in the branch statement is false, the program 
code blocks executed in a determined order, for deter- 
mining paths, a path determined from each branch 
block to each corresponding program code block, and 
for collecting infonnatioo concerning a preceding pro- 
gram code block of respective program code blocks and 
information concenung a succeeding block of the 
respective program code bloclcs; 
block connection relation data forming means for 
forming, based on the information collected by said 
infomiation collecting phase processing means, block 
connection relation data having a plurality of elements, 
each element indicative of a corresponding connection 
relation between respective program code blocks; and 
block connection relation data calculating means for 
calculating, based on the block connection relation data 
and the paths between the respective program code 
blocks, a branch probability for each of the paths 
corresponding to each element, as final branch prob- 
abilities of the brand) conditions included by the 
respective program code blocks frx>m which the paths 
are output such that the branch probabilities for the 
plurality of paths correspond to designated l^anch 
probability icuformation fcR- the branch statement 

9. A compilation processing apparatus for perfcrming a 
translation process for a program* the program including at 
least one branch statement and branch probability informa- 
tion for the at least one branch statement the at least one 
branch statement defining conditional dedsions, said com- 
pilation processing ^paratus comprise: 
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infonnatioD collecting phase processing means for 
extracting basic blocks, each basic block being one of 
a first basic block including respective branch condi- 
tions in a branch statement, a second basic block 
executed when decision of the branch statement Is true s 
and a third basic block executed when decision of the 
branch statement is false, each said basic block 
executed in a determined order, for determining a pa^ 
from each basic block to each conesponding basic 
block, and for collecting concerning a preceding basic lO 
block of the respective first second and third basic 
blacks and information concerning a succeeding basic 
block of the respective first second and third basic 
blocks; 

block connection relation data forming means for 15 
forming, based on the information collected by said 
information collecting phase ]H'oce$sing means, block 
connection relation data having a plurality of elements, 
each element indicative of a correspODding connection 
relation between respective basic blocks; 

first block connection calculating means for allocating, in 
the block connection relation data, a first value coire- 
sponding to a first number of executions, by dividing a 
second value conesponding to a second number of 
executions allocated for the truth condition block, 
calculated based on a brandi probability designated for 
the branch statement, by the number of elements cor- 
responding to ail the paths input to the truth conditioo 
block, each element designating one of the jjaths which 
is input to the truth condition block; 

second block connection calculating means for allocating, 
in the block connection relation data, a third value 
conesponding to a third number of executions, by 
dividing a fourth value conesponding to a fourth num- 
ber of executions allocated for the false condition 
block, based on the branch probability designated for 
the branch statement, by the mmiber of elements cor- 
responding to all the paths input to the false coDditioa 
block, eac± element designating one of &c paths which 
is input to the false condition block; 

third block connection calculating means f ch* allocating, in 
the block connection relation data, a fifth value coire- 
sponding to a fifth number of executions, by dividing a 
sum of sixth values corresponding to sixth numbers of 
the executions allocated for each of the respective 
elements ccffiesponding to all the paths output from a 
selected one of the basic blocks by the number of 
elements representing the paths input to the selected 
basic blocL for each element designating the path input 
to the selected basic block, for each of the basic blocks 
of the branch statement; and 

fourth block connection calculating means for calculating, 
a branch probability for each respective element of the 
block connection relation data, as the branch probabil- 
ity of the corresponding branch condition included by 
the basic block from which the path corresponding to 
each element is output by dividing a seventh value 
corresponding to a seventh number of executions allo- 
cated for each element by a sum of eighth values 
corresponding to eighth numbers of executions allo- 
cated for the elements corresponding to all of the paths 
output from the basic block from which the paths 
corresponding to the respective element are output 
10. A con^>ilation processing mediod for performing a 6? 
translation process fca- a program including at least one 
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branch statement using initial branch probability informa- 
tion for the at least one branch statement, the at least one 
branch statement defining a plurality of conditional 
decisions, said compilation processing method comprising 
the steps of: 

creating a flow graph by resolving the plurality of con- 
ditional decisions deiined by the at least one branch 
statement into respective conditional decisions; and 
determining branch probability information for each 
respective conditional decision in the flow gr^h based 
on the flow gr^ and the initial branch probability 
infoiraation to to obtain final branch probability infos-- 
mation for the at least one branch statement. 

11. A con^ilation processing method for perfcnming a 
translation process for a program including at least one 
branch statement, using initial la*anch probability informa- 
tion for the branch statement the brandi statement defining 
8 plurality of conditional decisions, said con^)ilation pro- 
cessing method conqnising the steps of: 

creating a flow graph by resolving the at least one branch 

statement into respective conditional decisions; and 
allocating Inanch probability for cadi respective condi- 
tional decision in the flow graph, based on the flow 
graph and the initial branch probability information to 
to obtain final branch probability information of of the 
branch statement 

12. The compilation jnroccssing method according to 
claim 11 wherein: 

said creating of a flow graph further determines paths for 

the conditional decisions; and 
said allocating of branch probability allocates branch 

probabilities for each path; and 
further comprising the steps of decreasing an optimization 
level of a selected path of the padis which is determined 
to have a low execution frequency based on a respec- 
tive branch probability for the path. 

13. A compilation processing apparatus for pciforming a 
translation process for a program including at least one 
branch statement, using initial branch probability Infoima- 
tion for the branch statement the branch statement defining 
a plurality of conditional decisions, said conapilation pro- 
cessing apparatus comprising: 

information collecting phase processing means for resolv- 
ing the at least one branch statement into respective 
conditional decisions allocatiDg, fcr each of the respec- 
tive condition decisions, a succeeding basic block, and 
collecting information for creadng a flow graph; 
connection matrix creating phase processing means for 
creating a connection matrix representing the flow 
graph designating connection relations relating to 
branch nodes and succeeding basic blocks, based on the 
collected information; and 
connection matrix calculating phase processing means for 
calculating a ratio of a number of executions in acccv- 
dance with the number of paths from the succeeding 
basic block to one of the branch nodes, based on the 
initial branch probability information by referring to 
the aeated connection matrix, and allocating respective 
brand) probability information for each of the respec- 
tive conditional decisions. 
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It is certified that error appears in the at>ove-identified patent and that said Letters Patent is hereby 
corrected as shown t>elow: 



Col. 


1, 


line 


29, 


delete "has been recently noted"; 






line 


52, 


delete " , " ; 






line 


53, 


"instructions" should be --instructions,--; 






line 


63, 


"program the" should be --program. The--; 






line 


66, 


" appears " should be - - appears , - - ; 






line 


67, 


"similarly" should be --Similarly--. 


Col. 


2, 


line 


22, 


"occurs" should be --occurs,--. 


Col. 


3, 


line 


54, 


"invention" should be --invention,--; 


Col, 


4, 


line 


40, 


after "view of" insert --one--. 


Col . 


5, 


line 


28, 


"branched" should be --branched;--; 






line 


38, 


"Instead" should be --Instead,--; 






line 


57, 


"Consequently" should be --Consequently,--. 
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col. 16, line 13, delete "to" (first occurrence); 
line 26, delete "to". 



Signed and Sealed this 
FifteenthDay of September, 1998 



Attest: 




BRUCE LEHMAN 

Attests Officer Commissioner of Patenn and Trademark. 



05/07/2004, EAST Version: 1.4.1 



